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INTRODUCTION

The demand for satellite with increased power capabilities has promoted the development and
use of high efficiency GaAs-based single junction and muitijunction solar cells. Major photovoltaic
manufacturers are already producing these devices [1,2] and the technology has captured a large share
of the space solar cell market.

Currently high efficiency single junction and multijunction 11I-V space solar cells are produced by
metal-organic chemical vapor deposition (MOCVD). MOCVD requires the use of large quantities of group
V hydrides such as arsine and phosphine which raises serious safety and environmental concerns, and
also affects the final solar cell cost. Production of such solar cells by Molecular Beam Epitaxy (MBE),
which uses solid arsenic and phosphorus species and provides access to a large variety of in situ
diagnosis tools, has been proposed to minimize toxicity issues and improve yields [4,5]. MBE and related
techniques have been shown as being capable of producing very high quality epilayers and devices,
including solar cells [5-6]. Recent development of MBE multi-wafers systems capable of MOCVD
production throughputs is also an attractive feature. Figure 1 provides a photograph of an MBE Riber
6000 system, the 16” wafer holder in this system could allow the simultaneous growth of 11I-V on four six
inch wafers or 34 (6cm x 4 cm) solar cell wafers per run (Fig.1). Nevertheless, MBE growth rates
generally in 1 to1.5 microns per hours range (Growth rates in MOCVD systems ranges from 2-10 um/h)
have generated skepticism about the ability of MBE and related techniques as a production tool for thick
(>4 um) devices such as solar cells

Figure 1: Photograph of a Riber 6000™ MBE production system. Up to 34 (40mmx60 mm) solar cell
wafers can be processed per run.
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In this work it is shown that high quality GaAs photovoltaic devices can be produced by MBE with
growth rates comparable to MOCVD through the substitution of group Ill solid sources by metal-organic
compounds. The influence the II/V flux-ratio and growth temperatures in maintaining a two dimensional
layer by layer growth mode and achieving high growth rates with low residual background impurities is
investigated. Finally subsequent to the study of the optimization of n- and p doping of such high growth
rate epilayers, results from a preliminary attempt in the fabrication of GaAs photovoltaic devices such as
tunnel diodes and solar cells using the proposed high growth rate approach are reported.

GROWTH AND CHARACTERIZATION

All growth runs are performed in Riber CBE32 reactor. Tri-ethyl-gallium (TEG) and tri-methyl-
indium (TMI) are used as group lil precursors. The organometallics(OM) are maintained at 40C and
introduced mixed with hydrogen through a low temperature (80C) injector. The OM flux is adjusted using
mass flow controllers. To allow an optimum operation of the flow controlier the down-stream pressure of
the OM/H, mixture is maintained at 40 torr using pressure controllers. The group V element flux was
provided by a tetrameric arsenic (As,) source. The Arsenic flux at the substrate was between 1-4 x 107
torr. Si and Be solid sources are used as n-type and p-type dopants respectively.

GaAs layers are grown with growth rates ranging from 0.5 to 3 monolayers (ML) per second (0.5-
3.2 microns per hour) on nominal (100) highly Si doped GaAs wafers. The GaAs surface reconstruction
and growth mode is monitored real- time using reflection high-energy electron diffraction (RHEED).
Substrate temperatures are measured using an IR sensitive pyrometer. The precursor decomposition and
species partial pressures (flux) in the reactor were monitored using mass spectrometry.
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Figure 2: Growth rate as a function of TEG/H2 flux setting.

The GaAs growth rate as determined through the intensity oscillations of the specular beam in the
(2x4) reconstruction RHEED diagram is found to increase linearly with the increasing TEG flux. However
the growth rate saturates for fluxes exceeding 16sccm of TEG/H, mixture to slightly above 3 ML/sec. It is
worth noting that beyond this threshold partial and total pressure analysis indicated that the OM pressure
in the chamber remained unchanged The latest suggests that the growth rate is most likely limited by the
conductance of our TEG/H, ' inch-diameter lines.
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Figure 3: GaAs growth rate (a) as a function of growth temperature for various TEG fluxes 14 sccm (solid

up triangle) 10 sccm (solid down triangle) 6 sccm (open circle) and 2.5 sccm (open square).
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Figure 4: RHEED specular beam intensity oscillations recorded during the growth of GaAs (growth rate
2.62 ML/sec, temperature 530 C)

The MOMBE growth of GaAs is investigated over a wide range of temperature. A 2x4 RHEED
diagram and a nearly constant growth rate are obtained within a range of 460-560 C (Figure 3). A slight
drop in the growth rate is noticed for temperatures exceeding 570C suggesting a reduction in the Ga
sticking coefficient. A fuzzy RHEED diagram suggesting the epilayer surface roughening characterized
growths performed at substrate temperatures below 500C or/and with high arsenic partial pressures.
Strong RHEED intensity oscillations demonstrating a layer by layer growth mode are observed in the
range of 520-580C. In optimum growth conditions even at growth rates exceeding 3 monolayer/sec
distinct RHEED intensity oscillations are observed (Figure 4).

GaAs layers grown under optimum conditions (520-590C) exhibit a specular morphology.
Background carrier concentrations determined using C-V electrochemical profilometry indicate the
possibility of obtaining high growth rate GaAs layers with residual active impurity levels in low 10"%cm™
range. The bound excitonic transitions at 1.512 eV and Carbon neutral acceptor-band (e-C0) at 1.494 eV
dominate the 10K-photoluminescence spectra of these samples. As for conventional MBE/CBE samples,
these photoluminescence analyses suggests carbon as the main residual acceptor impurity in our high
growth rate not intentionally doped epilayers.
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Figure 5: N and P type doping of GaAs grown at 3 microns/hour
n and p type intentional doping of GaAs layers grown at 3 micrometer/hour was performed using

Be and Si respectively. Intentional beryllium p-type doping ranging from 5x1 0" om™ to 2x10 %° cm™ and
silicon n-type doping ranging from 3x10" cm® to 8x'® m® were obtained reproducibly. Doping
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concentrations are compatible with the development of photovoltaic devices such as solar cells and
tunnel diodes. The activation energies associated with dopant incorporation in the solid phase are in
agreement with those observed for materials grown with lower growth rates and are in the order of 3.4 eV
and 6.2 eV for Be and Si respectively (Fig.5).

PRELIMINARY PHOTOVOLTAIC DEVICE PERFORMANCE

Finally in order to validate the compatibility of the developed high growth rate epilayers for the
fabrication of GaAs based advanced solar cells a preliminary attempt is made to fabricate a GaAs p/n
solar cell and a tunnel diode.

Device structures are grown at rates of about 3 microns /hour on a highly n-doped 3 inch
diameter (100) GaAs wafer at a temperature of 530-560 C. Following the growth process non-alloyed Au
metallic layers, deposited by vacuum evaporation, are used as n-type (on substrate) and p-type ohmic
contacts. The Au-top contact grid is obtained using a lift off technique.

For the solar cell devices an intermediate highly p-doped GaAs layer is introduced to lower the
top contact resistivity. A mesa etching of the structure provides a total area per cell of 5 x 5 mm?. The top-
grid shadowing is estimated to be about 7.5%. The GaAs contact layer was removed from the cell active
area using a selective etching and the AlysGagoAs window layer as an etch stop. Following this step a
two layer MgF,/ZnS anti-reflection coating is implemented to minimize the solar cell reflective losses.
Concerning the tunnel diode device processing a mesa is etched directly using the top contact dots as a
mask The latest provides a set of devices with mesa diameters of 100 and 200 microns.

GaAs p/n Tunnel diodes

Figure 6 shows the C-V profile of the fabricated tunnel diode stressing the high dopant
incorporation and the sharpness of the p/n interface. All diodes exhibit high peak current densmes in
excess of 150Acm?, a good peak to valley ratio and a specific resistivity of less than 0.5 mQem? (at 30
Alcr?). Current: voltage characteristic of such device are reported in Figure 7. It is worth nothmg that this
preliminary tunnel diode device outperforms best MBE-grown GaAs devices[5] (Jp=46A/cm™) and has a
performance comparable to best results achieved by carbon-doped MOCVD tunnel diodes [7]. The
associated voltage drop in a tandem device operating using such tunnel diodes even under moderate
concentration (x20-x50) is expected to be below few mV and therefore negligible.

o MOMBE GaAs Tunnel diode
T 1E21 £ 2004 00K
g 3 MOMBE GaAs &’
g 1E20-; :ww.b pin tunnel diod E 1504
Lo E ¢ )
® * ptype o
= 1E194 » O n-type 0 100
§ 1E18+ g 50-
= ] : o
% 1E174 p~GaAs:Be n* GaAs: Si 0 - . . i
8 E ' 0.0~ 0.2 0:4 06 0.8
1E16 T —— Voltage (volts)
0.0 0.2 0.4 0.6
Thickness (microns) Figure 7: I-V characteristics of a 100 microns
Figure 6: Carrier concentration profile of g:facaeter MOMBE GaAs tunnel diode. Jp= 162

MOMBE grown GaAs tunnel diode.

GaAs p/n Solar cell

All solar devices exhibit good PV characteristics. Room temperature spectral response of this
preliminary device is provided in Figure 8 and compares well with data reported in the literature for hlgh
quality GaAs MOCVD grown solar cells [1,2,8]. The typical device short circuit current exceed 32 mA cm?
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under one sun AMO simulation with the best device on the wafer reaching 32.5 mAcm? (comparable to
the highest current densities reported for GaAs solar cells). Devices exhibit an open circuit voltage in
excess of 950 mV, about 5% below the state of the art GaAs solar cells. Despite poor fill factor 74-78 %
(compared to 86-88% for best GaAs solar cell), probably associated with a non optimized GaAs solar cell
design/processing, all cells exhibit AMQO efficiencies in excess of 16 %. We believe that through the
optimization of cell design and processing, cells with efficiencies in excess of 20% efficient cell would be
easily achieved with high growth rate Metal-organic MBE.
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Figure 8: External quantum efficiency of high growth rate MOMBE GaAs p/n solar cell.
CONCLUSION

In this work we have shown that high quality GaAs epilayers can be produced by MOMBE at
growth rates exceeding 3 um/h. Despite high growth rates, the optimization of ll/V flux-ratio and growth
temperatures leads to a two dimensional layer by layer growth mode characterized by a (2x4) RHEED
diagrams and strong intensity oscillations. The material characteristics are shown to be compatible with
the fabrication of high efficiency space-photovoltaic devices. As mentioned earlier the growth rates here
seems to be limited by the conductance of the TEG delivery line rather than by the growth kinetics. One
then may speculate that substantially higher growth rates would be attainable using standard larger
diameter OM delivery line. Preliminary high growth rate GaAs photovoltaic device fabrication has yielded
to the realization of record breaking tunnel diodes and encouraging solar cell performance. These resuits
demonstrate the potential of MOMBE as reduced toxicity alternative for the production IlI-V space
photovoltaics. It is worth noting that even at a rate of 3 microns per hour an existing MBE production
system would be capable of producing over 100,000 solar cell epi-wafer per year.
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